ABSTRACT: Increasing demands in the field of sensing, especially for gas detection applications, require new approaches to chemical sensors. Metal−organic frameworks (MOFs) can play a decisive role owing to their outstanding performances regarding gas selectivity and sensitivity. The tetrathiafulvalene (TTF)-infiltrated MOF, Co-MOF-74, has been prepared following the host−guest concept and evaluated in resistive gas sensing. The Co-MOF-74-TTF crystal morphology has been characterized via X-ray diffraction and scanning electron microscopy, while the successful incorporation of TTF into the MOF has been validated via X-ray photoemission spectroscopy, thermogravimetric analysis, UV/vis, infrared (IR), and Raman investigations. We demonstrate a reduced yet ample uptake of CO 2 in the pores of the new material by IR imaging and adsorption isotherms. The nanocomposite Co-MOF-74-TTF exhibits an increased electrical conductivity in comparison to Co-MOF-74 which can be influenced by gas adsorption from a surrounding atmosphere. This effect could be used for gas sensing.
■ INTRODUCTION
Metal−organic frameworks (MOFs) are a class of crystalline and porous organic−inorganic hybrid materials. 1, 2 A MOF consists of metal ions or metal-oxide clusters as inorganic building units which are connected by organic ligands acting as linkers. The intrinsic porosity of the framework qualifies MOFs for applications like catalysis, drug-delivery systems, gas separation, storage, or sensing. 3−8 The use of MOFs for the latter has recently gathered increasing attention. 3−9 New chemical sensors are needed for various controlling systems or devices including smart network-connected medical devices or automated industrial process monitoring systems. 10 Today, metal oxides are widely used in chemical sensors leading to problems like atypical operation temperature above 200°C to promote surface reactions, cross selectivity, and baseline drifts because of aging effects. 11 The use of MOFs for sensing applications could solve those problems by taking advantage of their selective gas adsorption at room temperature. 5, 8 There are several concepts for MOF-based gas sensors like colorimetric or resistive sensing applications. 12−15 Here, resistive sensor devices have the advantages that they enable the use of MOF powders in the form of tablets, making them simple to construct and produce. 9, 16 The major bottle neck for the construction of MOF-based resistive gas sensors is the development of electrically conductive or semiconductive MOFs. 17−22 In 2014, Allendorf and co-workers published an electrically conductive MOF based on HKUST-1 doped with the organic semiconductor 7,7,8,8-tetracyanoquinodimethane (TCNQ). 23−25 This was the first conductive MOF following the Guest@MOF concept which is based on the idea that the combination of MOFs and guest molecules can promote new materials with new properties. 25, 26 This concept led to the development of conductive composite materials based on MOFs infiltrated with organic semiconductors. 27−29 Co-MOF-74, also known as CPO-27-Co or Co 2 (dobdc), contains Co II as metal ions connected through 2,5-dioxido-1,4-benzenedicarboxylate as organic ligands. This MOF-74 possesses a one-dimensional pore system with a pore diameter of 1.1−1.2 nm. 30, 31 In our previous work, we showed that Co-MOF-74, with its hexagonal honeycomb-like lattice and open metal sites, is a potential material for gas sensing. 32 Here, we present a novel Co-MOF-74-based composite material for gas sensing applications. Following the Guest@ MOF concept, we infiltrated Co-MOF-74 powder with the organic semiconductor tetrathiafulvalene (TTF). 33 Subsequently, resistive gas sensing experiments with pressed tablets were performed.
■ EXPERIMENTAL SECTION
Materials. All chemicals were received from commercial vendors and used without further purification. For the following synthesis, cobalt nitrate hexahydrate (Co(NO 3 ) 2 ·6H 2 O, 99%, Sigma-Aldrich), 2,5-dihydroxy-terephthalic acid (DHBDC, 98%, Sigma-Aldrich), N,Ndimethylformamide (DMF, ≥99.8%, Sigma-Aldrich), ethanol (EtOH, ≥99.8%, Sigma-Aldrich), methanol (MeOH, ≥99.8%, Sigma-Aldrich), TCNQ (>98%, TCI), TTF (>98%, TCI), and water (H 2 O, Millipore) were used.
Preparation of Co-MOF-74 Powders. The MOF-74 powders were prepared according to a slightly modified procedure previously published by Chmelik et al. 34 All MOF-74 syntheses were performed in 60 mL Teflon-lined autoclaves (Parr Germany). The metal salt (0.713 g, 2.45 mmol Co(NO 3 ) 2 ·6H 2 O) was dissolved in a mixture of DMF, EtOH, and H 2 O (60 mL, v/v/v, 1/1/1) and DHBDC (0.145 g, 0.73 mmol) was added. The resulting suspension was ultrasonicated until the solution turns clear and heated for 24 h at 121°C. After cooling down to room temperature, the precipitate was obtained by centrifugation and washed/solvent-exchanged with MeOH three times. The received solid was dried under reduced pressure and activated under vacuum at 160°C for 4 h.
Loading of the MOF. The MOF powders were infiltrated with the organic semiconductors TCNQ or TTF via the gas phase by storing them in a previously evacuated flask over the respective organic semiconductor molecules at 70°C overnight, followed by a stepwise increase of the temperature up to 170°C within 4 h. Afterward, the resulting solid composites were washed with MeOH, dried under reduced pressure, and activated before gas sensing under vacuum at 160°C over 4 h. 
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Characterization of the Materials. X-ray diffraction (XRD) (Bruker D8 Advance, Cu Kα 1 radiation λ = 0.154 nm) and infrared (IR) spectroscopy (Agilent Technologies Cary 630 FTIR) were used to characterize the MOF powders. The crystal morphologies of the materials were analyzed with optical microscopy (Bruker Senterra Raman spectrometer) and scanning electron microscopy (SEM) (JEOL JSM-6700F NT, 2 kV acceleration voltage). UV/vis measurements were performed using a Cary 5000 UV/vis absorption spectrophotometer from Agilent Technologies. Both samples were measured in an integrating sphere (Agilent DRA-2500) in the reflection mode with a home-made quartz glass cuvette. All spectra were normalized to the maximum absorbance peak.
Thermogravimetric measurements were carried out on MettlerToledo TGA/DSC 3+ between 40 and 600°C with a heating rate of 1°C/min under N 2 flow (50 mL/min).
Spatially resolved Raman spectra were measured with a Horiba Jobin Yvon LabRAM spectrometer equipped with a Coherent Innova 70 ion laser at a wavelength of 514.5 nm (E ex = 2.41 eV).
IR images and IR absorbance spectra under the CO 2 atmosphere were achieved with an IR microscope (Bruker Hyperion 3000) connected to a vacuum Fourier transform IR spectrometer (Bruker Vertex 80v) at room temperature. For the IR images, a focal plane array detector was used consisting of an array of 128 × 128 single detectors with a size of 40 × 40 μm each. By increasing the magnification power of the scanning objective (15 times), a resolution of approximately 2.7 × 2.7 μm was obtained. The transfer of the crystals into an IR optical cell was carried out inside a glove box under an Ar atmosphere in order to prevent air contact. Subsequently, the cell was connected to the static vacuum system consisting of a pumping station (Pfeiffer Vacuum HiCube 80 Classic) and stainlesssteel cylindrical gas reservoirs.
CO 2 adsorption isotherms were measured by 3P INSTRUMENTS (Odelzhausen, Germany).
X-ray photoemission spectroscopy (XPS) experiments were performed using a Scienta RS4000 hemispherical analyzer with a monochromatic Al Kα X-ray source (1486.6 eV). Toluene solutions containing the MOF crystals were drop-cast onto a gold substrate. Gold 4f lines were used to calibrate the binding energy.
Conductivity measurements were performed in a three-necked glass flask with a home-built electrode setup under atmospheric pressure of the respective gases. Therefore, 0.1 g of each MOF powder was pressed resulting in 0.1 cm thin tablets which were placed between the electrodes. The measurement cell was evacuated for 1 h at 100°C. Subsequently, I−V curves were recorded by a potentiostat (Bio-Logic VMP3) in the two-electrode configuration. Alternatively, the three-necked glass flask was flushed with nitrogen, methane, or carbon dioxide by a gas flow rate of 30 mL·min −1 . After every measurement, the glass flask was evacuated for 30 min.
■ RESULTS AND DISCUSSION Figure 1 shows the optical microscopy images of Co-MOF-74 and Co-MOF-74-TTF (Figure 1a,b) . The as-synthesized Co-MOF-74 powder shows a red color (Figure 1a) , whereas the infiltrated MOF powder appears to be black (Figure 1b) . Figure 1c displays an SEM image of a typical Co-MOF-74-TTF crystal. The rodlike crystal has a width of 20 μm and a length of 70 μm. The one-dimensional pores of Co-MOF-74 with a diameter of 1.1−1.2 nm are aligned parallel to the long crystal axis. 32 In order to characterize the crystal structure of Co-MOF-74-TTF, XRD was performed. Figure 2a compares the XRD patterns of Co-MOF-74 and Co-MOF-74-TTF to the simulated Co-MOF-74 pattern. The crystal structure of the infiltrated MOF is almost equal to the noninfiltrated Co-MOF-74. However, a slight shift to a lower 2θ value for the infiltrated MOF is observed. The UV/vis spectra of the MOFs are shown in Figure 2b . A higher absorption for Co-MOF-74-TTF within 600 and 800 nm compared to Co-MOF-74 can be observed. This proves the successful incorporation of TTF guest molecules into the MOF host structure. Another indication for a successful incorporation of TTF into the pore can be found in the IR spectra, measured at room temperature under air, as given in Figure S1 (Supporting Information). Co-MOF-74 shows ν OH stretching, which can be attributed either to the presence of carboxyl groups or of adsorbed water molecules in the range of 3000−3500 cm −1 . Because the infiltrated MOF does not show this stretching mode, we assume the TTF molecules to be infiltrated into the pores, causing reduced water adsorption at the open Co metal sites. These assumptions have been validated by thermogravimetric analysis (TGA) ( Figure S2, Supporting Information) .
The TGA of the empty Co-MOF-74 equilibrated in air shows a weight loss of 26.4% in the temperature range up to 100°C, which can be assigned to adsorbed water. The Co-MOF-74-TTF sample contains a lower amount of water compared to the noninfiltrated MOF (5.7 %). Figure 2c shows the TGA of Co-MOF-74, Co-MOF-74-TTF, and TTF under the N 2 atmosphere. The results are normalized at 100°C. The TGA curve of the infiltrated MOF is found between the curves of the empty Co-MOF-74 and the pure TTF. From TGA, we calculated a total amount of TTF infiltrated in Co-MOF-74 to be approximately 15 wt %.
Spatially resolved Raman investigations of Co-MOF-74-TTF crystals (Figure 2d) show the existence of two phases in the μm scale indicating that the TTF distribution is not homogeneous. One phase is in good accordance with the typical Raman patterns of the unloaded Co-MOF-74, while within the second phase, two additional peaks occur, which can be assigned to TTF. 35 The peak at 494 cm −1 is associated with the C−S stretching band and the other peak at 743 cm −1 is associated with C−H bending. 35 Further Information concerning the measured areas within the crystals can be found in the Supporting Information ( Figure S3) .
In order to confirm the existence of Co−S bindings in the second phase, XPS investigations were performed. Figure 3 shows the XPS investigations of Co-MOF-TTF and TTF at the S 2p edge. The S 2p spectra after linear background subtraction have been fit with spin−orbit doublets with shared energy difference and the area intensity ratio between the 2p 3/2 Figure 3 . XPS investigation of Co-MOF-TTF and TTF at the S 2p edge.
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For the TTF encapsulated in the Co-MOF-74, doublet 1 is comparable to doublet 2 in intensity. The 2p 3/2 binding energies are downshifted to 161.63 and 163.34 eV for doublets 1 and 2, respectively. In addition, the broad higher energy structure fit as doublet 3 emerges with the 2p 3/2 peak located at 166.80 eV.
The large area intensity of doublet 1 in Co-MOF-74-TTF could be attributed to a sulfur-cobalt bonding state as cobalt sulfide and organic thiols bound on meta surfaces have the S 2p doublet in the same binding energy range. 36−39 The S-toCo atomic ratio evaluated from the XPS data is approximately 6−7 to 1. Because a TTF molecule contains four sulfur atoms, this means that 1 Co atom interacts with approximately 1.6 TTF molecules ( Figure S4 , Supporting Information).
IR microscopy images were collected at 50, 200, 500, and 1000 mbar CO 2 pressure (Figure 4a ). Because the Co-MOF-74 batch consists of equally shaped crystals like the one shown in Figure 1 , we can directly compare the IR microscopic images of adsorbed CO 2 of the unloaded and the infiltrated Co-MOF-74. For Co-MOF-74, a significant increase of the CO 2 uptake is visible when the CO 2 pressure inside the cell is increased stepwise from 50 mbar up to 1000 mbar CO 2 (from left to right). In contrast to that, Co-MOF-74-TTF does not show a significant increase of CO 2 uptake with increasing CO 2 pressure because a part of its pore volume is blocked by infiltrating TTF. This finding is in good accordance with the IR absorbance spectra of Co-MOF-74-TTF measured at 10, 20, 50, 100, and 200 mbar CO 2 shown in Figure S5 (Supporting Information). The intensity of the CO 2 bands does not change when the pressure is varied stepwise from 10 to 200 mbar. It follows from IR imaging (Figure 4a ) and IR spectroscopy ( Figure S5 , Supporting Information) that the CO 2 concentration in Co-MOF-74 increases stronger than that in Co-MOF-74-TTF when increasing the CO 2 pressure. Therefore, CO 2 adsorption isotherms of Co-MOF-74 and Co-MOF-74-TTF, showed in Figure 4b , were measured. On comparing the isotherms, the amount of adsorbed CO 2 is drastically reduced in Co-MOF-74-TTF because of the TTF molecules infiltrated into the pores.
As expected, our TTF-infiltrated MOF shows a measurable electric conductivity, similar to that found before for Co-MOF-74 doped with TCNQ. 29 One possible mechanism of the interaction between TTF and Co-MOF-74 might be based on through-bond conduction as suggested for TCNQ-MOFs before. 28 In addition to that, electrons may also conduct through π−π-stacking instead of bond conduction. To check the gas-sensing capability of Co-MOF-74-TTF, the electrical current was measured in dependence of the applied voltage. A measurement setup including a cell for gas sensing was built (Figure 5a) . The cell features a gas inlet and outlet for changing the gas atmosphere in the round-bottom flask. The electrode setup (Figure 5b ) consists of two stainless-steel electrodes which are held together with screws.
Pressed tablets of the MOF powders are placed between the electrodes, which are connected to the potentiostat with 
Research Article copper wires through the air-tight glass stopper as shown in Figure 5a . Figure 6a compares the I−V curves of the unloaded Co-MOF-74 with the Co-MOF-74-TTF under vacuum, N 2 , and CO 2 . The electrical conductivity of the unloaded Co-MOF-74 is rather low under all conditions. Therefore, Co-MOF-74 is not a suited material for gas sensing via conductivity measurements. Co-MOF-74-TTF, on the other hand, exhibits evaluable electrical conductivity under the N 2 and CO 2 atmosphere. When compared to the TCNQ-loaded MOF, Co-MOF-74-TTF exhibits a significantly higher electrical conductivity and also larger changes in the conductivity caused by MOF−gas interactions. That is to say, the different gases cause on Co-MOF-74-TTF larger changes in the magnitude of the current and can be distinguished therefrom.
Furthermore, temperature-dependent conductivity measurements of Co-MOF-74-TTF were performed (Figure 6b ). Long-time I−V measurements were conducted under CO 2 , CH 4 , and N 2 at 10 V (Figure 6c ). The gas atmosphere was changed from vacuum to different gases at time 0 min. A magnified I−V plot from 0 to 200 s is shown in the Figure S6 (Supporting Information). These short-time measurements show that the TTF-MOF has a short response time regarding the gases.
However, because of transport limitation inside the pressed tablet, no equilibrium of the gas uptake was observed within the first 500 min. Therefore, the following I−V curves were measured 24 h after the initial gas dosing. Figure 6d shows the I−V curves of Co-MOF-74-TTF under vacuum, air, N 2 , CH 4 , and CO 2 . The highest conductivity was observed for CO 2 , while the lowest conductivity was found for vacuum. The conductivity under ambient air was low as well.
In a previous publication, we observed shifts of the absorbance maxima in the UV/vis spectra for Co-MOF-74, which were dependent on the strength of the interaction between the MOF and the guest molecules. 32 Here, we observe a similar behavior for the electrical conductivity of the infiltrated MOF. CO 2 is interacting stronger with Co-MOF-74-TTF than CH 4 and N 2 .
The interaction of the open metal sites of Co-MOF-74 with CO 2 can be further described as a Lewis acid−base interaction, with the metal center acting as a Lewis acid, while the CO 2 molecule behaves as an electron donor (Lewis base). 40 This interaction is further favored by the electronic deficiency of the metal sites, leading to a strong interaction between CO 2 and the cobalt center. 40 We assume that for Co-MOF-74-TTF, the CO 2 molecule, as an electron donor, leads to a higher response compared to CH 4 and N 2 . García et al. stated that the permanent dipole moment, which is present in the cobalt atoms, is able to induce the polarization of molecules like CH 4 and showed that the affinity of Co-MOF-74 toward CH 4 is lower than toward CO 2 . 40 For N 2 , as an inert gas, we assume an even lower interaction. Compared to CH 4 , N 2 also possesses a lower polarizability. 41 These assumptions are in good accordance to the result of the electrical measurements shown in Figure 6d . When Co-MOF-74 is exposed to surrounding air, the conductivity is even lower than for N 2 . We attribute this low sensitivity to the amount of water in air. 
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As shown before, Co-MOF-74 can be deactivated by H 2 O. 33 Thus, it is possible that in Co-MOF-74-TTF, the TTF and H 2 O molecules compete for the metal center resulting in lower current. We further investigated the behavior of Co-MOF-74-TTF under vacuum, CO 2 , and N 2 atmospheres via Raman spectroscopy ( Figure S7 , Supporting Information). When gases become adsorbed in the crystals, gas-specific peak shifts of the characteristic modes of the Co-MOF-74-TTF can be observed. This is in good agreement with the behavior of the noninfiltrated MOF, which showed a shift of the characteristic peaks depending on the applied gas atmosphere as well, justified in more respectively less energetic binding modes. 30 
■ CONCLUSIONS
Following the Guest@MOF concept, we synthesized Co-MOF-74 with the organic semiconductor TTF molecules as a host−guest composite via a gas-phase incorporation route. XPS investigations confirm the existence of Co−S bindings (approximately 1.6 TTF molecules interact with 1 cobalt atom) between TTF and the open-metal Co-centers of the MOF. With TGA, we could prove a TTF loading of Co-MOF-74 of 15 wt %.
Co-MOF-74-TTF has a significantly higher conductivity in comparison to the unloaded and TCNQ-infiltrated Co-MOF-74. Furthermore, I−V experiments under different gas atmospheres were performed, recommending Co-MOF-74-TTF as an excellent material for gas-sensing devices because of modification of resistivity. IR imaging and CO 2 physisorption show a decreased ability of Co-MOF-74-TTF to adsorb CO 2 . Because of different strengths of the interactions between a gas and the MOF, conductivity changes could be observed. The highest conductivity was obtained for CO 2 *E-mail: ina.strauss@pci.uni-hannover.de (I.S.). *E-mail: juergen.caro@pci.uni-hannover.de (J.C.).
